We compare seasonal and longitudinal distribu-R TM T AForm Approved
The post-sunset ionosphere at low magnetic latitudes is indictions of two simple models. Both models are based on herently unstable, allowing plasma density irregularities to considerations of parameters that influence the linear growth develop. The irregularities initially form in the bottom side rate, YRT, of the generalized Rayleigh-Taylor instability in of the F layer through the generalized Rayleigh-Taylor (R-T) the context of finite windows of opportunity available during instability (Ott, 1978) . Severe radio signal disruptions octhe prereversal enhancement near sunset. These parameters cur when the irregularities propagate into the topside ionoare the strength of the equatorial magnetic field, Beq, and the sphere as density depletions called equatorial plasma bubangle, a, it makes with the dusk terminator line. The inde-bles (EPBs). Because of their appearance in altitude-versuspendence of a and Beq from the solar cycle phase justifies time radar displays and ionograms, EPBs are also referred our comparisons, to as plasma plumes (Woodman and La Hoz, 1976) and We have sorted data acquired during more than 75 000 range spread F (Aarons, 1993) . Strong seasonal-versusequatorial evening-sector passes of polar-orbiting Defense longitudinal (S/L) variability characterizes the frequency of Meteorological Satellite Program (DMSP) satellites into 24 EPB occurrence (Aarons, 1993; Huang et al., 2001.) . longitude and 12 one-month bins, each containing -250
An understanding of EPB variability with season and lonsamples. We show that: (1) in 44 out of 48 month-longitude gitude is obtained from the linear growth rate, y, for the bins EPB rates are largest within 30 days of when a=0°; (2) generalized R-T instability and the geophysical contexts in unpredicted phase shifts and asymmetries appear in occur-which it is realized. Haerendel (unpublished manuscript, rence rates at the two times per year when aý0 0 ; (3) While 1973) pointed out that the flux-tube integrated Pedersen con-EPB occurrence rates vary inversely with Beq, the relation-ductance, Zp, rather than local conductivity near the apex of ships are very different in regions where Beq is increasing magnetic field lines threading the bottom side of the F layer and decreasing with longitude. Results (2) and (3) indicate controls the magnitude of YRT. Ott (1978) showed that zonal that systematic forces not considered by the two models can electric fields also influence the R-T growth rate. Eastward become important. Damping by interhemispheric winds ap-fields enhance growth, and westward fields quench it. A forpears to be responsible for phase shifts in maximum rates of mulation derived by Sultan (1996) captures both effects: EPB occurrence from days when a=0'. Low EPB occurrence (1) tion belt electrons in the drift loss cone reduce YRT by en- (1993) . Second, although DMSP observed more conditions, growth periods, 1/YRT, are ,-10 min. It takes sev-than an order of magnitude decrease in the rate of EPB activeral growth periods for large-amplitude irregularities to grow. ity between solar maximum and solar minimum, S/L varia-Since g and B are constants at a given location, R-T growth tions remained similar within given longitude sectors. Third, rates are controlled by the variability of Eo, Up', E , E, over the full solar cycle, the rates of EPB occurrence were vi, RT and through the flux-tube integrated quantities by significantly larger at Atlantic-African longitudes than in the the height of the F layer.
Indian-Pacific sectors. Huang et al. (2001) suggested that Basu (1997) studied the temporal dependencies of the un-different equatorial magnetic field strengths (Beq) in the two stable equilibria as plasma flux tubes in the evening sector regions contribute to this asymmetry. Fourth, a significant respond to altitude variations of the various force fields. East-number of EPBs occur when auroral electric fields penetrate ward electric fields in the dusk sector have two sources, leak-to low magnetic latitudes.
age of the solar quiet (Sq) current system into the nightside Burke et al. (2003) compared a subset of EPB detections ionosphere (Eccles, 1998) and penetration of high-latitude by DMSP with radar plumes and intense UHF scintillation electric fields into the low-latitude ionosphere (Nopper and episodes observed at Jicamarca and Ancon, Peru. Again, Carovillano, 1978) . The Sq source acts systematically while the seasonal variabilities of EPBs, radar plumes, and intense penetration occurs during episodes of enhanced polar cap po-scintillations were similar. The combined ground and sateltential prior to the development of shielding (Harel et al., lite observations also suggested that plasma bubbles tend to 1981; Burke et al., 1998) . Systematic vertical plasma drifts form in bursts of activity rather than as isolated events. Denear the dusk terminator are characterized by prereversal en-spite the obvious limitations of using polar-orbiting satellites hancements (Fejer et al., 1991) . In the early evening local-to monitor equatorial electrodynamics, DMSP yields a credtime (LT) sector plasma initially rises due to the development ible global climatology of EPB occurrence. The DMSP EPB of negative polarization charge near the terminator. After database offers an opportunity to perform statistical tests of -'20:00 LT the direction of the vertical plasma drift usually proposed hypotheses on a global scale. To what degree does reverses to stabilize the bottom side of the F layer against the declination-terminator angle, a, control the S/L variabilirregularity formation. Within this simple scenario a finite ity of EPB formation as predicted by Tsunoda (1985)? Does window of opportunity opens after sunset for EPBs to form Beq control different EPB occurrence rates found at Atlanticbefore damping forces dominate.
Pacific longitudes as predicted by Huang et al. (2001) ?
The purpose of this paper is twofold. First, we report re-The generalized R-T instability is most likely to evolve to sults of simple statistical tests of hypotheses suggested by the nonlinear stage at longitudes where zonal gradients of Tsunoda (1985) and Huang et al. (2001) based on EPB ob-Ep near the dusk meridian are strongest. Conversely, the servations by DMSP satellites from 1989 to 2000. The inequatorial ionosphere is more stable in the presence of a spo-variance of ce and Beq over a solar cycle makes the tests radic E layer (Stephan et al., 2002) and whenever one foot possible. We find that in more than 90% of the longitude of a field line remains in sunlight for a substantial period af-sectors the explanation of Tsunoda (1985) adequately deter the conjugate E region enters darkness. Tsunoda (1985) scribes observed S/L morphologies. However, EPB distriargued that the steepest gradients in EE develop where magbutions in the remaining longitude sectors are marked by netic flux tubes closely align with the terminator. Thus, the unpredicted phase shifts and/or asymmetries. We also find S/L variability of EPB and severe scintillation occurrence is that in the eastern hemisphere, where magnetic declination 8 largely controlled by magnetic declination, 8. At longitudes is small and the geographic location of the magnetic equawhere 8; 0', EPB formation is favored near the equinoxes.
tor Xeq is nearly constant, the rate of EPB occurrence has a In regions of westward (eastward) 8 the angle between flux strong negative correlation with Beq. In much of the Westtubes and the dusk terminator minimizes closer to the June ern Hemisphere, where 8, Xeq, and Beq are most variable, a (December) solstice. Aarons (1993) demonstrated that the significantly different correlation is found. Second, we disgeneral features of Tsunoda's prescription for S/L variations cuss some geophysical implications of intense EPB activity were replicated in rates of range spread F occurrence ob-detected in regions of strong eastward declination during a served at six locations distributed around the globe. How-magnetic storm in November 2001, a place and time "forbidever, he noted that although Huancayo and Guam share simden" by the Tsunoda model. ilar declinations, their seasonal variations are different.
Section 2 briefly describes DMSP measurement capabil- Huang et al. (2001; 2002) examined latitudinal profiles of ities and our methodology for testing the two hypotheses. plasma density measured during more than 75 000 orbits of Section 3 compares solar-cycle averaged monthly rates of Defense Meteorological Satellite Program (DMSP) satellites EPB encounters by DMSP with values of a and Beq approat 840 km in the mid-evening local time sector. On more priate for 24 different longitude bins. We then analyze inthan 8300 of these orbits a DMSP satellite encountered one tense EPBs simultaneously observed by two DMSP satellites or more EPBs, defined as irregular plasma depletions at low during a magnetic storm at a season/longitude when/where magnetic latitudes. Fig. 3a we see that across the entire Eastdata points from more than 250 DMSP orbits. While Fig. 1 em hemisphere the occurrence of EPBs is very low durof Huang et al. (2002) demonstrates more than an order of ing January and December. The occurrence rate has a secmagnitude range in rates of EPB occurrence between solar ondary minimum near the June solstice. Across the longimaximum and minimum, the annual variation of a at a given tude sector 00 <0b < 1350 the maximum occurrence observed longitude is independent of the solar cycle. Figure 2 displays in March-April exceeds that near the September equinox. In a contour plot of solar-cycle averaged rate of EPB occurrence the 135<0<<1800 sector, spring and fall occurrence rates on a month-versus-longitude grid in 5% increments. For deare similar. The spring/fall asymmetry reverses sign in the scriptive convenience we divide the globe into five longitude 1800 <4<225' sector. While all maximum occurrence rates sectors that roughly correspond to the widths of the African are found near the a= 00 lines, in many sectors they are disand American continents and the Indian, Pacific, and Atlantic placed by about a month. As noted by Huang et al. (2001), oceans. The solid lines indicate the two days per year when EPB occurrence rates decrease toward the Indian Ocean -a=0 0 as a function of geographic longitude. Consistent with eastern Pacific sectors (60'< 0 < 1500), where Beq increases previous reports, Fig. 2 shows different morphologies both with longitude. between and within the five sectors. The highest and low- Figure 3b shows similar asymmetries in the distribution of est rates of EPB detection occurred in the Atlantic-African EPB occurrence and about a month phase shift in maximum and Indian-Pacific sectors, respectively. The contours show rates of EPB occurrence from the a=0 0 lines. The most disbroad trends, but no simple temporal or longitude patterns tinctive features of the Western Hemisphere data are the deep emerge. Figure 3 provides 24 vertical cuts through data sumý minima in occurrence rates between May and August in the marized in Fig. 2 ? .
. are noted as d 1 (<)B). We next defitne AJbttdJo(pail)-DJ (Cbi) as the difference between the predicted and "assigned" dates for %max. Positive Abi values indicate that DMSP observed maxima after a day when the dusk terminator entered alignment with the equatorial magnetic field. Within the con-detected a maximum occurrence rate near 300f and a ministraints of our database, predictions of the Tsunoda model mum near 1000 Data plotted in the bottom panel of Fig. 4 are considered fully accurate if-15 <A 1 i < 15 days. For the show the expected general trend with a maximum occurrence 48 intervals when tp0i, A=-6.7d 24.7 days. The negative rate in the Atlantic longitude sector and minimum in the Pavalue of 6.7 days comes primarily from EPBs observed durcific. However, the extrema are displaced from longitudes ing July and August in the mid-Pacific. Eighteen of the max-Of maximum and minimum Beq, and their shapes are asymima occurred within two weeks and 44 out of 48 occurred metric. Of particular interest for discussion in Sect. 4 is the within a month of the dayse predicted by the Tsunoda model, positive gradient in bmax and <%> observed at longitudes. Fig. 3a :" " 5M UT 106 Tsunoda model because these were the only EPBs detected during this storm in a region of eastward declination when 105 x=27'. The storm occurred 73 days after local flux tubes 104 were best aligned with the dusk terminator. We also relate "' Dst-.275 5Kt•7o " 106 " " " " ' " • " node. pear at the bottom of each plot. The orbit moves -25' westward in longitude between nodal crossings. Similar density profiles at low (± 300) magnetic latitude, found in the botday. DMSP F14 observed a similar sequence of plasma detom two plots, were acquired about an hour before and a half pletions, but earlier than F 15 by about an hour in MLT and hour after the SSC, respectively. Even prior to onset the level 45 min in UT. These plasma depletions also appeared at low of geomagnetic activity was elevated with AE 1000 nT (cf. magnetic latitude in the 236°-231' longitude range. The Fig. 1 of Mishin et al. (2003) ). By the time of the 04:10 UT similarity of F14 and F15 morphologies suggests a significrossing the equatorial plasma density had risen from 2 to cant overlap in observed phenomena, that is, the two space-5 x 105 cm-3 , indicating that the topside ionosphere had been craft sampled the same set of plasma disturbances. An isouplifted by an eastward electric field. Ionospheric uplift is lated burst of EPB activity is consistent with previously reeven more evident in densities measured at the dusk terminaported radar/satellite results (Burke et al., 2003) . Figure 6 is marked by a selar cap potentials, Dpc, measured by the F13 and F15 satelquence of deep plasma depletions that extend from approxilites. Recall that F13 and F15 fly near the 18:00 and 21:30 LT mately -20' to + 100 in magnetic latitude. In this interval the meridians where they sample some fraction of the full potenspacecraft moved westward in longitude from 2390 to 233'. tial drop. The upper envelope of combined spacecraft mea- Figure 1 illustrates the geometry of the F15 trajectory, the surements represents abest estimate of (pc. Measured (cDc region of EPB activity (heavy line), and the eastward declirose from -80 to 140 kV at the time of the SSC, then denation of the local magnetic field, Beq. When F15 returned creased and recovered to -160kV shortly after 04:00 UT. to the magnetic equator near 210' at 07:35 UT (top panel),
The universal times of F14 and F15 magnetic-equator cross-EPB disturbances were absent. Quiescent plasma characings in which EPBs were detected are indicated at the botterized measurements acquired during the remainder of the tom of the figure. EPB detections soon after the spike in
200.
agreement found between the Tsunoda model and observations.
F15
FThe form of the linear growth rate for the generalized R-
150
T instability, as encapsulated in Equation (1) in Pedersen conductance and Sq-generated electric fields in UT 0 2 4 6 the dusk sector. Random events, such as sporadic E layers (Whitehead, 1970; Stephan et al., 2002) and gravity waves Fig. 7 . Polar cap potentials measured by the DMSP F13 (solid (McClure et al., 1998; Singh et al., 1997) , act to suppress and line) and F15 (dashed line) satellites during the first six hours of stimulate EPB formation, respectively. The magnetic storm 6 November 200 1.
of 6 November 2001 illustrates two related random aspects of EPB formation. Obviously, the intense polar cap potential
Opc suggest that penetration electric fields were responsi-spike near 04:00 UT and consequent electric field penetrable for their sudden appearance. A survey of available ion tion to low latitudes altered the local-time profile of vertidrift meter measurements from all DMSP satellites confirms cal plasma drift Vp from its normal rise-fall pattern. Less the presence of electric-field penetration to low magnetic lat-obvious is the fact that ionospheric plasma corotating into itudes from storm onset until 05:30 UT. They were absent the evening sector (as observed by F13) had been rising in prior to the SSC and after 06:00 UT.
altitude due to electric field penetration to low latitudes for The locations of EPBs detected by DMSP F14 and F15 several hours prior to the detection of EPBs. A persistently place them in the longitude bin centered at 232.5'. Data plot-rising F layer increases YRT through its cumulative affects on ted in the appropriate panel of Fig. 3b indicate that observing Z p, Vfi , and RT.
EPBs in November is rare at this longitude, but not without Given the very large DMSP database, random events canprecedent. The DMSP historical database from 1989 through not explain systematic variations in phase and symmetry 2002 shows a total of seven EPB detections in November dur-from predictions of the Tsunoda model. Providing a full exing 333 orbits, a rate of -2%. A feature common to all these planation of these deviations from model predictiorns greatly, EPB events is that they occurred during periods of elevated exceeds the scope of this observational report. However, the geomagnetic activity when ion drift meters on DMSP indi-role of interhemispheric winds in suppressing EPB activity cated electric field penetration to low magnetic latitudes.
has been discussed in the literature (Mendillo et al., 1992; Kil and Heelis, 1998) and can easily be compared with data shown in Fig. 3 . Trans-equatorial winds flow from the sum-4 Discussion mer toward the winter hemisphere. This suggests that YRT should be systematically lower while summer conditions pre-The previous section summarized latitudinal plasma density vail in the other hemisphere. This can be illustrated by a simprofiles observed in the evening local-time sector orbit by ple example. Consider a location where the magnetic equa-DMSP satellites over a full solar cycle. Rates of EPB occur-tor lies north of the geographic equator and 8=0°. Here a=0°r ence were sorted into 24 longitude and 12 monthly bins and near the two equinoxes. Interhemispheric winds act to supcompared with predictions of Tsunoda (1985) for S/L vari-press EPB formation prior to the 21 March and after the 21 ability of severe scintillations. In its simplest form the Tsun-September equinox. The highest rates of EPB occurrence oda model suggests that the rate of EPB encounters should should appear in April and August-September. Data from the maximize at times when ot, the angle between the dusk termi-longitude bins between 22.5' and 52.5', where these condinator and local magnetic flux tubes, is small. Data presented tions are met, show the predicted phase-shift directions. in Figs. 2 and 3 indicate that while many of the model's Our final comments concern the expected inverse relationpredictions are verified in DMSP measurements, two unpre-ship between EPB occurrence rates and Beq (Huang et al., dicted features are evident. The first is a phase shift in times 2001). The concept is simple. The R-T growth rate is directly of maximum occurrence. Approximately 50% of maximum proportional to Vp. Whether imposed through the Sq (Ec-EPB rates fell outside of the ±15-day window imposed by cles, 1998) or high-latitude (Nopper and Carovillano, 1978) our sorting procedure. The second feature relates to asym-current systems, for the same electric field faster growth rates metric distributions of EPB rates observed near the times of should occur where Beq is weaker. DMSP measurements the first and second annual periods with oa;0 0 . While the fol-presented in Figures 4 and 5 show that the predicted trends lowing discussion concentrates on the significance of unpre-do appear in %max and <%> distributions. Totally unexdicted features, it should not obscure the wide and substantial pected is that the trends show two independent branches that are characterized by the sign ofdBeqldo.. Both branches con-America. Energetic particles deposited in the upper atmoverge toward similar values at longitudes of high Beq. How-sphere near the SAA are referred to as being in the drift loss ever, occurrence rates in regions of low Beq are very differ-cone. Since electrons are more efficient creators of ionizaent, with more EPBs at longitudes where dBeq/do,> 0. Is tion than protons the larger effects on ZE should occur near this a statistical fluke? If not, what are its consequences for the west coast of South America. understanding how YRT is realized in nature?
Electrons in the drift loss cone have two effects on the To answer the first question we direct attention to the bot-value of YRT. First, any increase in EE decreases YRT tom panel of Figure 4 . The plotted data show that between (Stephan et al., 2002) . Second, longitudinal gradients in Ep longitude bins centered at 292.5' and 307.50 %max increased at sunset should be less severe in the western Pacific than from 28% to 41%. Recent ground measurements suggest that elsewhere and require weaker polarization electric fields to this sharp eastward gradient is real. Valladares et al. (2004) maintain current continuity across the dusk terminator (Echave reported initial results from a network 'of Global Po-cles, 1998) . Weaker electric fields compensate for the effect sitioning System (GPS) receivers deployed along a line of on YRT of decreasing Beq. nearly constant longitude (-.290') extending from Bogota', Colombia to Antuco, Chile. The GPS receivers monitor scin-
